We tested whether fluctuating asymmetry (FA) in undisturbed populations is associated with several natural environmental factors and whether FA is negatively correlated with fitness in the wild. We compared the FA of multiple bony structural defences among 87 endemic populations of threespine stickleback ( Gasterosteus aculeatus L.) inhabiting pristine freshwater habitats on the islands of Haida Gwaii, British Columbia, Canada. Multi-trait FA for adults and juvenile fish varied extensively among populations, but only in adults did it correlate with geography and two habitat characteristics (pH and water colour). Mean FA among individual traits varied concordantly among populations but was not correlated within individuals. While asymmetrical fish showed slightly higher levels of parasitism as predicted, selection differentials based on age class comparisons suggested that asymmetrical fish had the same or marginally higher survival than symmetrical fish. Selection differentials of FA varied significantly among traits and may reflect variability in their functional importance and in the strength of selection on their developmental stability. The data imply that FA/fitness associations are heterogeneous and character-specific.
INTRODUCTION
Over the last three decades, fluctuating asymmetry (FA) has been subject to an expanding repertoire of investigations encompassing genetics, development, behaviour, evolution, conservation biology and parasitology (Møller & Swaddle, 1997 for review) . FA is generally thought to be associated with developmental instability (Mather, 1953; Van Valen, 1962; Soulé, 1967) and to reflect the failure of an individual to correct subtle and random departures from perfect symmetry during ontogeny (Waddington, 1942; Zakharov, 1992) . Ability to correct developmental errors can be compromised by internal factors such as elevated homozygosity (Soulé, 1979; Palmer, 1986; Mitton, 1995) , as well as by the disruption of co-adapted gene complexes through hybridization (Vrijenhoek & Lerman, 1982; Graham, 1992; Zakharov, 1992; Clarke, 1993) . Developmental errors can also stem from physiological stress caused by extreme environmental conditions (Beardmore, 1960; Gest et al. , 1986; Hosken, Blanckenhorn & Ward, 2000) . Elevated levels of FA are potentially relevant for conservation as these can indicate demographic bottlenecks and environmental deterioration (Wayne et al. , 1986; Pankakoski et al. , 1992; Manning & Chamberlain, 1993; Clarke, 1995; Gomendio, Cassinello & Rolden, 2000; Lens et al ., 2000) . However, such inferences can be misleading without knowledge of the range in FA among undisturbed populations (Palmer, 1996) .
FA can also reflect relative fitness of individuals as it is associated with reduced immunocompetence (Rantala et al ., 2000) , increased susceptibility to parasitism (Escos et al ., 1995; Bonn et al ., 1996; between FA and fitness, there should be correlations in the levels of FA among different traits on an individual. However, diverse studies (VanValen, 1962; Mason et al. , 1967; Ames et al. , 1979; Dufour & Weatherhead, 1996; Evans & Marshall, 1996; Clarke, 1998a) have found little support for such a correlation. This suggests that FA/fitness associations are heterogeneous among traits, and this heterogeneity may reflect the degree to which asymmetry compromises the functional integrity of some traits but not others (Moodie, 1977; Balmford et al. , 1993; Gummer & Brigham, 1995; Allen & Simmons, 1996; Crespi & Vanderkist, 1997; Swaddle, 1997; Bergstrom & Reimchen, 2000) . Combined indices of FA from multiple traits can provide a more reliable estimate of developmental stability (Soulé & Baker, 1968; Dufour & Weatherhead, 1996; Gangestad & Thornhill, 1999; Bryden & Heath, 2000) .
A SYMMETRY IN THREESPINE STICKLEBACK
Here we assess natural levels of FA in multiple traits among 87 endemic populations of freshwater threespine stickleback ( Gasterosteus aculeatus L.) that colonized Haida Gwaii, an archipelago off the central coast of British Columbia, Canada, approximately 12 000 years ago (Moodie & Reimchen, 1976) . Populations on this archipelago inhabit geographically isolated freshwater lakes, ponds, and streams, the majority of which are relatively pristine and undisturbed by human activity. The localities encompass a range of natural environmental variation making this system an ideal one with which to investigate baseline levels of FA in the wild as well as sensitivity of FA to natural levels of environmental variation. We investigate geographical variation in a multi-trait composite FA index in response to several environmental factors that vary among habitats from this archipelago. We also test for the predicted negative correlation between FA and fitness among these natural populations by comparing mean FA between two age classes and by comparing FA among parasitized and unparasitized fish, as recent studies from one of these populations show broad temporal trends between FA and parasitism (Reimchen, 1997; Reimchen & Nosil, 2001) . If fitness and FA are negatively associated, and if FA is an accurate indicator of organism-wide developmental stability, we should see a reduction in FA in adults relative to juveniles as well as a correlation in FA among traits within individuals. We investigate differences in asymmetry of the individual traits used in our multi-trait composite FA index to determine if there is evidence of differential levels of developmental stability among them. Consistent variation in the level of asymmetry among traits across a range of habitats implies that FA may have value as an indicator of the relative functional importance of the traits. Such an examination of geographical patterns of both composite and trait-specific asymmetry will provide context to the importance of environmental stress and natural selection in the expanding analyses of intraindividual variation among natural populations.
MATERIAL AND METHODS
Samples of G. aculeatus from lakes and streams throughout the archipelago were obtained during multiple expeditions between 1969 and 1991. Of these original collections, 87 samples from the three major geographical areas of the archipelago (lowlands, plateaux and mountains) were used for this study (Fig. 1) . Habitat descriptions and general collecting methods are published elsewhere (Reimchen, 1983 (Reimchen, , 1989 (Reimchen, , 1994 Reimchen et al. , 1985) . In summary, the majority of G. aculeatus samples were collected from April to July using standard-mesh minnow traps placed in the littoral zones. Fish were fixed in 10% formalin and stored in 95% ethanol. Water chemistry and lake data Figure 1 . Map of Haida Gwaii showing sampled localities used for this analysis. Three major geographical zones of the islands defined as L (lowlands), P (plateaux) and M (mountains) as defined in Brown (1968) . were collected from a subset of the localities at the time of collection. This included pH, percentage light transmission at 400 nm (T400), specific conductance (µmhos cm −1 ), maximum water depth (m), and lake area (ha). Specific conductance, maximum water depth and lake area were log transformed to normalize the skew in their distributions.
MORPHOMETRICS
From each sample of G. aculeatus, up to 97 individuals were measured for standard length (SL), sex, parasite infection (Schistocephalus solidus, Eustrongylides sp., Diplostomum sp.), and asymmetry. Each sample was comprised of up to 50 juveniles (c. 35-45mm SL) and 50 adults (>45mm). We also measured asymmetry in 10 bilateral traits on the predator defence apparatus (Fig.2) . These traits included: number of forks on the dorsal edge of the ascending process (FORKS), amount of overlap between lateral plate(s) 4,5,6,7 (if present) and the basal plates (BP4, BP5, BP6 and BP7), amount of overlap between lateral plate(s) 5,6,7 (if present) and the ascending process (AP5, AP6 and AP7), ascending process height (APH), and ascending process width (APW). Overlap values ranged from 0 (not touching) to 3 (strong overlap). The overlap in this defensive apparatus provides structural support for the spines and dispersal of forces during predator manipulation (Reimchen, 1983) . All metric measurements were made to 0.010 mm using a dissecting scope and micrometer.
After preliminary measurements were completed, 12 samples were randomly chosen for analysis of measurement error. From each sample, 20 individuals were randomly selected and re-measured. A two-way mixed model ANOVA was run for each trait with side (fixed) and individual (random) as factors and trait as the dependent (Palmer, 1994) in order to determine whether measurement error variance contributed significantly to between sides variance. One of the traits (AP6) had significant measurement error after Bonferroni correction (Table1) and was therefore excluded from further analysis.
Directional asymmetry and anti-symmetry among juveniles were examined with t-tests of the signed asymmetry (R-L) of each trait against a mean of zero, and by calculating the kurtosis of the R-L distribu- Figure 2 . Camera lucida sketch of the left side of a G. aculeatus showing the first dorsal spine (D1), second dorsal spine (D2), left pelvic spine (P), bony lateral plates number 3 through to 8 highlighted in grey, basal plates, and ascending process. Inset shows traits used in the preliminary FA analysis: BP4, BP5, BP6, BP7 shown in dotted lines designating overlap between lateral plates 4-7 and the basal plates. AP5, AP6 and AP7 shown in dotted lines designating overlap between lateral plates 5-7 and the ascending process. Number of forks (FORKS) on dorsal edge of the ascending process ranged from 1 to 4 (2 in this individual). Ascending process width (APW) measured at the widest point of the ascending process, anterior to posterior. Ascending process height (APH) measured at the highest point, dorsal to ventral. Final traits used in the FA analysis (designated by heavy solid arrows) were: ascending process height (APH), overlap between lateral plate 6 and the basal plate (BP6), and overlap between lateral plate 5 and the ascending process (AP5). tions (Table2). Two traits showed significant directional asymmetry (FORKS and APW were both right side dominant) and were thus excluded from further analysis. Kurtosis values (g 2 ) for each trait were positive, evidence that the R-L distributions were unimodal and leptokurtic (Palmer & Strobeck, 1986) .
The remaining traits varied in the frequency of their occurrence in individuals. Some of the populations have reduced numbers of structural lateral plates and therefore it is not possible to measure overlap with the spine supports when plates are missing. The plates at positions 5 and 6 are the most conserved, and consequently, for this study, we used the amount of overlap between lateral plate 5 and the ascending process (AP5), the amount of overlap between lateral plate 6 and the basal plates (BP6), as well as the ascending process height (APH) (Fig. 2) . None of the samples demonstrated significant trait size/asymmetry associations for these traits. Asymmetries from these three traits were coalesced into a composite FA index (CFA). Because the variables represent both continuous and discrete distributions, we used the sum of the ranks of all three traits (see Leung, Forbes & Houle, 2000) . Each individual in the pooled data set was given a rank according to the absolute (R-L) score for each of the 3 traits, and the ranks were then added to give a summed CFA score for each individual. There were no significant differences in mean CFA between sexes in any of the samples after sequential Bonferroni corrections (P> 0.100 in all cases), and the number of samples that had greater mean CFA for males did not differ significantly from those that had greater mean CFA for females (N=37 and 43, respectively; χ 2 =0.450; d.f.=1; P>0.500; 7 samples had only one sex present). Sexes were therefore pooled for the remaining analyses.
Selection differentials (i) between sub-adults and adults for CFA and for FA of each trait separately were calculated for 73 localities that had both age classes represented in the samples. Selection differentials were calculated by subtracting the mean juvenile FA from the mean adult FA, and dividing this difference by the standard deviation of juvenile FA (see Table 1 . Two-way mixed model ANOVA of Sides (fixed) by Individual (random). Results are from the subset of re-measured populations only. Significant Side effects are evidence of directional asymmetry, significant Individual effects are evidence of size variance in the trait among individuals, and significant Side×Individual effects are evidence that FA contributes significantly more to between sides variance than measurement error (Palmer, 1994 Endler, 1986) . We tested for the presence of intraindividual correlation of asymmetry among traits in juveniles only, in order to reduce the potential impact of selection on asymmetry. Individuals were ranked (within each sample) based on the relative asymmetry of each trait, and the ranks of individuals were tested for concordance among all 3 traits. Comparisons of the relative asymmetry among traits were performed using |log (L/R)| (L =value on left side, R=value on right side), in order to express the asymmetry scores on a common scale (Clarke, 1998b (Fig. 3 ). There were no significant differences between mean total CFA of creeks and their adjoining lakes d.f.=10, P=0.540) .
Mean total CFA differed with respect to limnological factors among the lakes. For bivariate comparisons, it was inversely correlated with lake pH (r =−0.460; P=0.003) and water colour (r=−0.390; P=0.001) but not with maximum water depth (r=−0.090; P=0.390), lake area (r=−0.060; P=0.590) or specific conductance (r=−0.180; P=0.270). Water colour (T400) and pH are strongly positively correlated among localities (r=0.790; P<0.001) and both increase in value from the lowlands to the mountains, tending to be highest on the west coast of the archipelago, which also contains the least asymmetric samples. Of the ten localities with the highest CFA, nine were from lowland habitats, which are characterized by very shallow, acidic, and dystrophic lakes (low values of T400). The three west coast lakes with the highest asymmetry (Bruin L., Seal Inlet L and Dawson L.; Fig. 3 ; Appendix 1) also have the highest levels of water staining in this area (pH was not collected from these three localities). However, the independent residual effects of pH, T400, specific conductance, maximum water depth and lake area on total CFA were insignificant (Table3).
We also examined mean CFA for juvenile fish in relation to limnological factors among lakes. While there were significant differences in mean CFA among populations (Kruskal-Wallis: χ 2 =173.96; d.f.=70; In order to determine if asymmetry of the three individual traits used to compute the CFA index varied in their sensitivity to environmental fluctuations, we ran multiple regressions of the five environmental variables and mean juvenile absolute asymmetry for each trait. While APH and AP5 demonstrated no significant associations with the environmental variables, the regression model for BP6 was significant and this was primarily due to a negative correlation with specific conductance (Table4).
We examined whether some traits were consistently more asymmetric than others among individuals. Six populations showed significant concordance (Kendall's W) of trait asymmetry rank after sequential Bonferroni corrections (Escarpment L., Gowgaia West L., Gudal L., Inskip Lagoon, Lutea L. and Yakoun River). In each of these populations, ascending process height ranked highest for asymmetry relative to the other two traits. Consistent with this pattern among individuals, the rank of mean trait asymmetries showed significant concordance among all populations (Kendall's W=0.29; χ 2 =41.000; d.f.=2; P<0.001), with APH having the highest mean asymmetry rank (2.480) and AP5 having the lowest (1.440).
In order to determine if developmental stability had a genome-wide effect, we assessed the degree of concordance of FA among these three traits within individuals in each sample using Kendall's coefficient of concordance (W). We found no significant intraindividual correlation of asymmetry among traits in any sample, implying that the relative asymmetry of one individual was not predictable among traits in any sample.
There were no significant differences between parasitized and non-parasitized fish in CFA or in individual trait FA within any population (t-tests: all P>0.050). However, parasitized fish had a higher CFA than non-parasitized fish in a significant majority of populations containing parasites (41 of the 63 populations, Binomial test: P<0.025) although this did not occur for comparisons with individual trait FA (Binomial test: all P>0.100). Parasitism did not appear to cause greater FA in infected fish, as fish with increasing numbers of parasites did not show greater FA than fish with fewer parasites (all P>0.200).
We assessed whether there was evidence of a correlation between survivorship and CFA in the samples by calculating selection differentials between the age classes, and determined whether there was any geographical predictability to the distribution of these selection differentials. Among the 73 localities, no significant (Bonferroni corrected) selection differentials were detected, but contrary to our predictions, there were significantly more positive than negative differentials (N=52 and 21, respectively; Binomial test: P<0.001). This trend occurred in each of the three geographical areas but was strongest in the lowland samples (lowlands 20 vs. 6, respectively; Binomial P<0.050; plateaux: 13 vs. 7; Binomial P=0.260; mountains: 19 vs. 8; Binomial P=0.050) . We found no relationships among the selection differentials between creeks and their adjoining lakes d.f.=9; P=0.190) or with any environmental variables using bivariate comparisons and multiple regressions. We also examined mortality selection on asymmetry in the three individual traits. While there were no significant selection differentials for FA in any population, differentials varied significantly among traits (Kruskal-Wallis χ 2 =1096.142; d.f.=2 
DISCUSSION
Our results have demonstrated high levels of variance in multi-trait bilateral asymmetry among natural populations of freshwater G. aculeatus residing in pristine habitats. Inter-population variance in CFA differed geographically with highest values occurring in lakes with increased acidity and increased water staining, these tending to occur in the lowland regions of the archipelago. In contrast, low levels of CFA were most prevalent in the oligotrophic lakes with higher pH and higher water clarity that were most prevalent in mountain regions. The abiotic associations were detected only in the complete samples (adults and juveniles) and did not occur in the subset of juvenile fish from each locality. Previous studies have found elevated levels of FA in organisms subjected to stress during embryonic development, including acidic conditions (Jagoe & Haines, 1985; Ostbye et al., 1997; Mazzi & Bakker, 2001 ), exposure to UV radiation (Midgley et al., 1998) , food deprivation (Swaddle & Witter, 1994; Roy & Stanton, 1999; Stoks, 2001 ) and temperature fluctuations (Beardmore, 1960; Gest et al., 1986; Clarke & McKenzie, 1992; Leary et al., 1992; Hosken et al., 2000) . Since these factors can generate FA in newly emerging young, we expected to see elevated FA in juvenile stickleback in the small bog lakes of the lowlands, as these are acidic, dystrophic and shallow. That we did not observe this suggests that the specific environmental variables we measured were not generating detectable FA in the young. However, several other factors may account for these results.
Other studies that have investigated environmental impacts on population FA in the wild have focused on short-term disturbances caused by human activity Sanchez-Galan et al., 1998; Kirchhoff et al., 1999) . Stickleback populations on Haida Gwaii may have adapted their developmental buffering capabilities to these limnologically extreme but historically stable habitats. However, this still does not explain the large variance in juvenile FA among populations. It is likely that developmental stability in these populations was not sensitive to the particular variables we measured, but rather to other ecological and/or abiotic sources of stress. In addition, the environmental variance among the pristine habitats used in this study may not have been great enough to generate detectable differences in FA. The ranges of environmental conditions in the laboratory that generate differences in FA are in many cases greater than environmental fluctuations in the wild (Zakharov, 1992) . Comparing FA among populations encompassing a greater range of conditions may reveal some more general associations.
Our study involving 87 natural populations found no clear evidence that asymmetric individuals were suffering reduced survivorship. While several studies have demonstrated a negative correlation between FA and survivorship (Møller, 1994; Ueno, 1994; Nosil & Reimchen, 2001 ), others have not (Bjorksten, Pomiankowski & Fowler, 2001 ) and many have failed to find a correlation between FA and other fitness measures (Eggert & Sakaluk, 1994; Swaddle & Cuthill, 1995; Tomkins & Simmons, 1998) . In some cases, a positive correlation between FA and reproductive success or functional performance has been reported (Moodie & Moodie, 1996; Seligmann, 1998) . What was unique to our study was the positive correlation between survivorship and asymmetry in some of the populations. High metabolic costs of developmental stability could sustain epigenetic errors in populations (Schlichting & Pigliucci, 1998) . Survivorship may be the result of interactions between the metabolic costs of maintaining symmetry and the fitness benefits associated with that symmetry. In habitats where the fitness benefits of symmetry are minimal, this might result in a reduction of survivorship in highly symmetric individuals.
While we found no negative correlation between survivorship and FA, we found that parasitized fish were slightly more asymmetric than unparasitized fish among two-thirds of the populations. Other studies have found elevated FA in parasitized individuals from diverse taxa (Escos et al., 1995; Bonn et al., 1996; Hunt & Allen, 1998) as well as in stickleback (Reimchen, 1997; Reimchen & Nosil, 2001 ), suggesting that FA is a reasonably consistent indicator of susceptibility of the immune system to parasite infestation. The variability in FA/fitness associations in this and other studies implies that the association is specific to particular fitness components.
We observed that asymmetry in one trait was a poor predictor of asymmetry in another trait in the same individual, indicating no suggestion of genome-wide developmental instability. Rather, FA appeared to be trait specific. For example, asymmetry of overlap between the basal plate with the 6th lateral plate (BP6) in juveniles was inversely associated with specific conductance, while neither ascending process height asymmetry (APH) nor asymmetry of overlap between the ascending process and the 5th plate (AP5) showed correlations with any habitat parameter in our analysis. BP6 could be more sensitive to environmental stress than the other traits, possibly due to differences in the developmental stability or timing of development among these three traits.
Estimates of the health of populations based on the relative asymmetry of traits should be interpreted with caution. This study provides an example of how conclusions regarding conservation priorities may be erroneously reached by measuring FA in one trait versus another. We also found large variance in the degree of both individual trait FA and a composite FA measure among natural, anthropogenically unstressed populations. As suggested by Palmer (1996) , knowledge of baseline levels of FA in natural populations is crucial to informed applications of FA to conservation efforts. While FA may be reflecting differences in homozygosity among populations from this archipelago, we have found no evidence that it is responding to natural fluctuations in abiotic factors. That this study found large FA variance in natural populations that was for the most part uncorrelated with natural environmental variation suggests that there may be a large level of background FA variance that is not necessarily a reflection of population 'health'.
Asymmetry among the three traits varied significantly and demonstrated strong concordance in their relative levels of asymmetry among the populations. Ascending process height (APH) had the highest level of FA among populations and ascending process overlap asymmetry with lateral plate 5 (AP5) had the lowest. That the ranking of asymmetry among these three traits is similar among populations implies a common developmental process among localities and potentially a common ranking of the functional importance of these three traits in different habitats. Consistent differences in asymmetry among specific lateral plates exist as well, as lateral plate asymmetries in the structural plates that support the spines are relatively rare compared to asymmetry in the other plates (Bergstrom & Reimchen, 2000) , presumably due to increased functional costs. In the present study, there may be more serious costs of asymmetry in BP6 or AP5 than of APH, resulting in relatively stronger selection for developmental stability in BP6 and AP5 over the last 12 000 years. If this is correct, than there should be less evidence for selection against asymmetry in APH than in BP6 or AP5 and this is indeed the case, as selection differentials for APH asymmetry are significantly more positive than for the other two traits (Fig. 4) . In summary, this study has demonstrated a large variance in CFA among 87 natural populations of G. aculeatus. We found significantly elevated FA in adults from lowland dystrophic localities that tend to be highly acidic, stained and shallow, and significant but weak negative bivariate correlations between adult CFA and pH and T400. However, mean CFA in juveniles was randomly distributed across the archipelago and not strongly statistically associated with pH, T400, conductance or water body size. The differences in the distribution and habitat correlates of mean CFA between these two age classes implies that there are other potential selective factors associated with the major geographical areas of the archipelago that are generating differences in asymmetry in adults, but not juveniles. We found little evidence of reduced survivorship in asymmetric individuals or for correlations in asymmetry among traits within individuals, although we did find that the significant majority of samples had slightly elevated CFA in parasitized fish. Relative asymmetry among the individual traits was consistent among populations, and only one of the traits showed an association between FA and one limnological variable. The variance in selection differentials for FA among the three traits may reflect variability in their functional importance. We have previously shown (Bergstrom & Reimchen, 2000) that there are differences in developmental stability among lateral plate positions, while current investigations suggest that symmetry in some plates is more critical in habitats where predatory trout are a dominant source of mortality. These cumulative data imply that FA/fitness associations are character-specific and may be the result of interactions between the costs and benefits of symmetric development.
APPENDIX 1
Localities in ascending order from lowest mean CFA to highest, showing mean CFA (including both age classes), pH, T400, specific conductance, maximum water depth and lake area. All variables are untransformed. 
